The differentiating bacterium Caulobacter crescentus has been studied extensively to understand how a relatively simple life form can govern the timing of expression of genes needed for the production of stage-specific structures. In this study, a clone containing the 5.3-kbflaP region was shown to contain theflgI, cheL, andflbY genes arranged in an operon with transcription proceeding fromflgI toflbY. The predictedflgI polypeptide shows remarkable identity (44%) to the flagellar basal body P-ring protein encoded by theflgI gene of Salmonella typhimurium. flgI mutations cause a reduction in the levels of flagellin production and the overproduction of the hook proteins. Therefore, theflgI-encoded P-ring protein is required for normal flagellin and hook protein synthesis, suggesting that basal body assembly may play a role in the regulation of flagellar gene expression. Caulobacter crescentus, a gram-negative aquatic bacterium, is an excellent system for the study of differentiation which occurs independently of external influences or environmental cues. This independence simplifies the interpretation of data obtained from studies of gene regulation and structural morphogenesis during the cell cycle. C. crescentus exhibits a well-defined cell cycle that proceeds through three morphologically distinct stages: the stalked cell stage, the flagellated swarmer cell stage, and the simultaneously stalked and flagellated predivisional cell stage (48). Studies of temperature-sensitive DNA replication and cell division mutants (47) revealed that the events of DNA replication and cell division are interdependent. Also, the assembly of pili in the maturing swarmer cell is dependent on the completion of separation of the swarmer cell from its stalked sister (54). These observations suggest that the various periodic events in the cell cycle are organized into a hierarchy, with the initiation or completion of one event being essential for the triggering of another. Between 10 and 20% of the genes in C. crescentus are temporally expressed (5), suggesting the presence of an extensive and intricately controlled cell cycle. C. crescentus also exhibits spatial compartmentation of gene products. For instance, the mRNA for the major flagellin species was shown to segregate asymmetrically at cell division. Thus, almost all the flagellin mRNA formed before cell division ended up in the swarmer progeny (19, 38) . Similarly, the methyl-accepting chemotaxis proteins segregate almost exclusively to the swarmer progeny (22) .
and hook protein synthesis, suggesting that basal body assembly may play a role in the regulation of flagellar gene expression. The flbY gene probably is a basal body component as well, since flbY mutants have flagellin and hook protein synthesis patterns similar to those exhibited by other basal body mutants. The smaller cheL gene complements a mutant that is unable to respond to chemotactic signals despite possessing a functional flagellum. This is the first example of an operon containing both flagellar and chemotaxis genes in C. crescentus.
Caulobacter crescentus, a gram-negative aquatic bacterium, is an excellent system for the study of differentiation which occurs independently of external influences or environmental cues. This independence simplifies the interpretation of data obtained from studies of gene regulation and structural morphogenesis during the cell cycle. C. crescentus exhibits a well-defined cell cycle that proceeds through three morphologically distinct stages: the stalked cell stage, the flagellated swarmer cell stage, and the simultaneously stalked and flagellated predivisional cell stage (48) . Studies of temperature-sensitive DNA replication and cell division mutants (47) revealed that the events of DNA replication and cell division are interdependent. Also, the assembly of pili in the maturing swarmer cell is dependent on the completion of separation of the swarmer cell from its stalked sister (54) . These observations suggest that the various periodic events in the cell cycle are organized into a hierarchy, with the initiation or completion of one event being essential for the triggering of another. Between 10 and 20% of the genes in C. crescentus are temporally expressed (5) , suggesting the presence of an extensive and intricately controlled cell cycle. C. crescentus also exhibits spatial compartmentation of gene products. For instance, the mRNA for the major flagellin species was shown to segregate asymmetrically at cell division. Thus, almost all the flagellin mRNA formed before cell division ended up in the swarmer progeny (19, 38) . Similarly, the methyl-accepting chemotaxis proteins segregate almost exclusively to the swarmer progeny (22) .
One stage-specific organelle is the polar flagellum, which consists of a filament, hook, and basal body (29) . The flagellar filament is composed of at least three distinct flagellin proteins with apparent molecular weights of 25,000, 27,500, and 29,000 (9, 17, 35, 52) . The C. crescentus hook is a rigid curved structure that lies outside the cell envelope and rotates with the filament. Its 70-kDa subunit is encoded by the flaK gene (44) and has significant amino acid sequence similarity with the corresponding protein from Salmonella typhimurium (25, 41) . The basal body is composed of a central rod with five concentric rings arranged along its length. The innermost ring (M) is embedded in the inner membrane, while the next ring (S) contacts the M ring and faces the periplasmic space. The third ring (E), a feature absent from Escherichia coli and S. typhimurium, is a thin, flat disk that probably lies in the periplasmic space. The fourth ring (P) lies in the plane of the peptidoglycan layer, while the fifth (L) is anchored in the outer membrane; the P and L rings also interact with each other (55) . In S. typhimurium, the M and S rings are thought to be parts of the motor apparatus that drives the corkscrew-shaped flagellum. They are thought to play a passive structural role, while the P and L rings are thought to act as bushings that help anchor and stabilize the basal body complex in the cell envelope (2, 36) .
To better understand the genes involved in C. crescentus flagellum biogenesis, we identified a clone, pLG261, which complements SC295 (figI141, formerly designated flaPl41). This gene is in a previously uncharacterized region of the C. crescentus genome, remote from the locations of the three major clusters of fla genes (12 
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Tables 1 and 2, respectively. All C. crescentus strains used are derivatives of the wild-type strain CB15. C. crescentus strains were grown at 33°C in either enriched peptone-yeast extract (PYE) medium or defined minimal M2 medium (26) . The motility of C. crescentus strains was tested by stabbing cells into the appropriate semisolid medium containing reduced levels of glucose (0.1%) and agar (0.3%) (27) . E. coli strains were grown at 33°C in either Luria-Bertani (LB) medium (39) or defined E medium (56) , which was supplemented with 0.2 mM leucine, 0.05 mM thiamine, 0.3 mM threonine, and 1 DNA sequence determination and analyses. The DNA sequence of both strands was determined by the doublestranded template method described in the Sequenase sequencing protocol (U.S. Biochemicals, Cleveland, Ohio). The regions of compressions and crashes were resolved by using either a Taq-Track kit (Promega, Madison, Wis.) or a sequential combination of Sequenase and Taq DNA polymerase (31) .
Nucleotide sequence accession number. The GenBank accession number of the nucleotide sequence in Fig. 5 is M91448.
RESULTS
Complementation analyses. A clone containing the flgI gene (formerlyflaP), pLG261, was identified by complementation of SC295 (flgI141) (50) . In addition, pLG261 was also able to complement SC548 (flgI165), SC152 (cheL126), SC1123 (flbYl90::TnS), and SC3529 (flbY665::Tn5). Thus, at least three genes involved with flagellum formation or function are present on the 5.3-kb cloned DNA fragment. To locate regions in pLG261 that are essential for this complementation, various portions were deleted or subcloned into C. crescentus-compatible plasmids (Fig. 1) . The 4.5-kb SstI(a)-BamHI fragment was cloned into pKT230 such that its orientation was reversed from that in pLG261, yielding between the SstI(a) site and the XhoI site must also be important for expression of these genes. Complementation of theflbYmutants could not be tested with these constructs, as these mutants were already kanamycin resistant (Kanr) and streptomycin resistant (Strr) and no other selectable marker was available on the plasmids. However, deletion of the 1.5-kb internal HindIII-HindIll fragment of pLG261 produced subclone pFMK100, a plasmid that was able to complement the flgI and cheL mutants but not the two flbY mutants. Thus, the 1.3-kb HindIll-HindIII region is vital for flbY complementation but is not required for flgI or cheL complementation.
Plasmids pFMK112 and pFMK121, which contain the flgI operon in opposite orientations, were subjected to unidirectional deletion analysis to locate the boundaries of regions essential for complementation of the flgI and cheL mutants (Fig. 2) . The residual fragments obtained were transferred to the C. crescentus-compatible plasmid pVDZ'2 and used to complement SC3337 (flgIl41 recA526 zzz::TnS), SC3338 (f1gI165 recA526), and SC3336 (cheL126 recA526 zzz::TnS). Deletions of up to 0.9 kb from the left end (as depicted in Fig.  2 Plasmids with deletions of 1.9 kb (pFMK185) or more (e.g., pFMK186) were unable to complement any of the mutants. CAT fusion studies. A promoterless chloramphenicol acetyltransferase (CAT) cartridge was cloned into the unique XhoI site of pLG261 or pFMK100 and into the unique Hindlll site of pFMK100 to study the directions of transcription in these two regions. Insertions into the Xh7oI site in either orientation caused the resulting clones, pFMK110 and pFMK151, to be unable to complement any of the mutants (Fig. 3) . Thus, all three genes might be transcribed from a single promoter. In addition, only pFMK110 was able to bestow chloramphenicol resistance (Cmr) (up to 15 ,ug/ml) when conjugated into the wild type, implying that transcription was in a left-to-right direction as shown in Fig. 3 . Since transcription in this direction could be due to the sul promoter, the SstI-BamHI fragment from pFMK110 was subcloned into the vector pKT230 in the opposite orientation. The resulting plasmid, pFMK786, was able to impart Cmr to C. crescentus strains but not to E. coli strains. Thus, the Cmr encoded by pFMK786 appears to be due to the presence of a C. crescentus promoter which is not recognized by E. coli. Insertions into the unique HindlIl site of pFMK100 in either orientation (pFMK125 and pFMK152) did not affect the ability of the resulting clones to complement the flgI or cheL mutants. Furthermore, only pFMK125 imparted Cmr to the C. crescentus strain in which it resided, indicating that transcription occurs in the same direction as at the XhoI site. These data, along with the complementation studies of the exonuclease III deletion plasmids, indicate that flgI, cheL, and flbY are in an operon with transcription beginning with flgI.
Physical mapping of the flgI, cheL, andflbY mutations. The flgI-flbY region was subjected to Southern analysis to determine the nature of the spontaneous mutations that resulted in SC295 (flgIl41), SC548 (flgI165), and SC152 (cheL126) and the location of the Tn5 insertions in SC1123 (fla-190::Tn5) and SC3529 (fla-665::Tn5). DNA from SC295, SC548, and SC152 was digested with SstI, Sall, or PstI, and the resulting blots were probed with 35S-labelled subclones representing the region from PstI(a) to SalI(c). No discernible differences in the migration of the SstI, PstI, or Sall restriction fragments were observed (data not shown). Thus, the mutations in these strains probably involve single-basepair changes or small deletions or insertions.
Digestion of DNA from SC1123 and SC3529 with HindIIl, followed by hybridization of the resulting blot with the 1.3-kb HindIll-HindIll subclone pFMK164, revealed two bands instead of the single 1.3-kb band observed in the wild type (data not shown). Since the TnS element found in these strains contains two Hindlll sites, this result indicated that the Tn5 insertion events had occurred within the 1.3-kb HindlIl region. To determine the positions of the insertions more accurately, an XhoI digestion was hybridized with pFMK140. The wild-type DNA had a band of greater than 10 kb, while SC1123 and SC3529 had single bands of 1.9 and 1.6 kb, respectively. Since Tn5 has symmetrically placed XhoI sites 0.3 kb from each end, the Tn5 insertions must be located 1.6 and 1. into the unique XhoI site of pLG261 (yielding pFMK786) or pFMK100 (yielding pFMK110 and pFMK151) or into the unique HindIll site in pFMK100 (yielding pFMK125 and pFMK152). The orientation of the cartridge was determined on the basis of the location of the asymmetric EcoRI site. CAT expression was determined by streaking the merodiploid strains on PYE agar supplemented with 2 mg of chloramphenicol per liter. An R represents the ability of the strain to form colonies on PYE agar containing chloramphenicol, while an S indicates the inability to do so. Complementation experiments were performed as described in the legend to Fig. 1 . Abbreviations: B, BamHI; H, HindIlI; P, PstI; T, SstI; X, XhoI.
mutants. Since mutations in various classes of flagellar genes produce characteristic changes in the flagellin and hook proteins, the figl, cheL, and flbY mutants were studied by Western and immunoprecipitation analyses. As expected for a motile strain, the cheL mutant had a flagellin pattern similar to that of the wild type (data not shown). In contrast, the flgIl41, flg165, and flbY665::Tn5 mutants all had reduced levels of the 27.5-and 25-kDa flagellins and apparently normal levels of the 29-kDa flagellin species (Fig. 4 , reference 29, and data not shown). In addition, the level of the 70-kDa hook protein was greatly reduced, while the levels of the 68-, 66-, and 64-kDa forms of the protein were elevated (Fig. 4 and data not shown). This pattern is similar to that observed for other basal body mutants (23, 28) . Despite these altered levels of protein synthesis, both the flagellin and the hook proteins are synthesized at the normal time in the cell cycle (Fig. 4) . Thus, mutations in flgl or fibY result in altered levels of flagellin hook proteins without affecting the timing of the synthesis of either protein.
DNA sequence determination and analysis. The DNA sequence of both strands of the region extending from the SstI(a) site to 218 bp past the HindIII(a) site (a total of 2,746 bp) was determined (Fig. 5) . Three open reading frames (ORFs) which conform well to criteria which detect coding regions in other C. crescentus genes (51) Bases underlined in the 1060 region denote sequences that match well with the nif-like promoter sequences seen in certain other C. crescentus flagellar genes. Bases with a double underline correspond to a consensus IHF binding site. The derived amino acid sequence is shown below the DNA sequence. Asterisks indicate translation stop codons.
downstream from this start site has numerous rare codons, low third-position G+C content, and rather anomalous codon utilization preferences. Since the ORFi region coincides well with the region determined to be essential forflgI complementation, ORFi was designated the flgI gene. The predicted FlgI protein (Mr = 40,800) was found to match (44% identity over a length of 365 amino acid residues) the FlgI protein from S. typhimurium (Fig. 6) . Also, like the S. typhimurium FlgI protein, the putative C. crescentus FlgI protein possesses an N-terminal region meeting the criteria for a 26-residue-long signal peptide (46) . It has two positively charged residues (both arginines) close to the N terminus followed by a 16-residue stretch of predominantly hydrophobic residues and an Ala-Pro-Ala sequence that could serve as a cleavage site. Cleavage at this site would yield a 344-residue-long polypeptide having a calculated Mr of 38,000. A peptide plot based on Kyte-Doolittle analysis (34) reveals that the leader region is strongly hydrophobic. Since the S. typhimurium FlgI protein is part of the basal body complex and has been shown to form the P ring of the flagellum, we propose that the corresponding C. crescentus FlgI protein is a P-ring-forming protein as well.
The ORF2 start (located at bp 2217) matches the location of cheL, as determined by complementation experiments. This start codon is preceded by a ribosome binding site (11, 53) , and its position corresponds with the sharp increases observed in both the third-position G+C content and the codon preference bias. The ribosome binding site of the cheL gene is in the coding region of theflgI gene, and its start codon overlaps the stop codon offlgI by 1 bp. Such overlaps in cotranscribed genes are not uncommon in the flagellar genes of enteric bacteria (30, 32, 37 (49, 51) .
While the start of transcription of the flgI operon could not be determined, a search of the DNA sequence for previously described promoterlike sequences revealed a single match that was centered 48 bp upstream from the putative start codon (Fig. 5) nif-like promoter is used for expression offigI. Furthermore, when a mutation inactivating the sigma factor used by nif-like promoters (3) was introduced into a strain containing the figI promoter attached to the CAT reporter gene, expression of the flgI promoter was reduced more than 10-fold (14) . Thus, we have genetic evidence that the nif-like promoter is responsible for the expression of figI. The -100 ftr element proposed by Mullin et al. (40) , which is believed to be the target sequence for a trans-acting enhancer, was not found upstream from the figI operon. However, since the jfgI gene is expressed before the hook and flagellin genes, one might expect to find a novel regulatory element responsible for this earlier expression. In fact, a conserved sequence was observed upstream of the promoter in both the figI gene and a second basal body gene, flaC (8, 20) .
The two figI mutants possessed reduced intracellular levels of the 25-and 27.5-kDa flagellins, but they were expressed at the correct time in the cell cycle. This suggests that the figI gene product is not vital for the proper functioning of the clock that governs temporal gene expression and that the lowered flagellin levels must be due to reduced rates of expression of their genes. For instance, the decreased levels of flagellin synthesis in the figI mutants may be due to the accumulation of flagellin monomers, since no filament assembly is observed infigI mutants (28) . The flagellins lack any signal peptide sequences (14, 18, 51) and probably rely on export through the hollow basal body as in the enteric bacteria (33) . Thus, it is not surprising that an incomplete basal body structure would lead to failure to assemble a filament. Consequently, the intracellular accumulation of unexported flagellins may trigger a feedback system that inhibits further flagellin synthesis.
TheflgI mutations had no effect on the periodic expression of the hook protein, but an increased accumulation of hook monomers was observed. In these mutants, hook monomers with apparent molecular weights of 68,000, 66,000, and 64,000 accumulate in elevated amounts. In contrast, the 70-kDa monomer is present at very low levels. This pattern is present in all of the basal body mutants studied so far (23, 28) 
